In a genome-wide association study (GWAS) of individuals of European ancestry afflicted with systemic lupus erythematosus (SLE) the extensive utilization of imputation, step-wise multiple regression, lasso regularization and increasing study power by utilizing false discovery rate instead of a Bonferroni multiple test correction enabled us to identify 13 novel non-human leukocyte antigen (HLA) genes and confirmed the association of four genes previously reported to be associated. Novel genes associated with SLE susceptibility included two transcription factors (EHF and MED1), two components of the NF-kB pathway (RASSF2 and RNF114), one gene involved in adhesion and endothelial migration (CNTN6) and two genes involved in antigen presentation (BIN1 and SEC61G). In addition, the strongly significant association of multiple single-nucleotide polymorphisms (SNPs) in the HLA region was assigned to HLA alleles and serotypes and deconvoluted into four primary signals. The novel SLE-associated genes point to new directions for both the diagnosis and treatment of this debilitating autoimmune disease.
INTRODUCTION
Systemic lupus erythematosus (SLE) (OMIM 152700) is a debilitating autoimmune disease that affects multiple organs and is characterized by a loss of tolerance to self-antigens, inflammation and dysregulated immune responses, resulting in significant morbidity and mortality. Although many new loci that contribute to the pathogenesis of SLE have been identified by genome-wide association studies (GWAS) and other association studies, they collectively do not explain all the risk contributed by heritable factors, 1 indicating that other, as-of-yet unidentified genes are likely to be involved.
GWAS are commonly used to identify gene-phenotype associations. The power of GWAS is in their agnostic approach, which does not require prior knowledge of any of the genetics or cellular mechanisms underlying a phenotypic trait. This comes at the cost of testing a large number of single-nucleotide polymorphisms (SNPs), thereby increasing the multiple testing corrections, and ignoring (often decades of) prior research into a phenotypic trait that may increase the power of a genetic study. 2 In the present study, we report the discovery of 13 novel genes outside of the human leukocyte antigen (HLA) region (four familywise error rate significant) and confirmation of four genes (four family-wise error rate significant), which were reported as significant in previously published studies (Table 1) .
Furthermore, we have imputed all associated regions using the largest panel publicly available and used bioinformatics tools to test for deleterious effects of non-synonymous variants. Imputation can be used to deconvolute multiple signals in regions that have complex interdependent signals, such as the HLA region.
Imputation (HLA*IMP) has also been used in this study to assign samples to HLA alleles and then to HLA serotypes, connecting modern GWAS-based association results to earlier genetic and serotypic association results.
Many SNPs are associated with a disease, because they are in linkage disequilibrium (LD) with another SNP, which is the primary signal in that region. To disambiguate between independent and dependent signals, we used conditional regression analysis and lasso regularization to eliminate signals whose association was due to correlation with another primary signal. This enabled us to identify the minimum number of signals required to explain the association results present in every associated region, an approach pioneered by Raychaudhuri et al., 3 and adapted here for SLE. This study has also assigned HLA alleles and serotypes to each subject and has refined the association signals within the HLA and other regions.
RESULTS
We detected 430 significant SNPs (false discovery rate (FDR)p0.05) in 160 genes. Four-hundred and five SNPs were in the HLA region (Supplementary Tables S1 and S3) , and 25 SNPs were in 17 genes in other regions (Table 1, Supplementary  Table S3 ). An additional seven genes were found to be consistent with previously published results, although they did not meet the non-HLA FDR level of this study (Supplementary Table S2 ). Figure 1 shows a Manhattan plot of the GWA data showing the P-values of all tested SNPs. As this figure shows, the HLA region (6p23-6p21) is dramatically enriched in significant SNPs.
Because of these results, coupled with the well-known association of the HLA region with SLE and the extensive LD in the HLA region, we have separated the analysis and discussion of HLA genes from non-HLA genes.
Non-HLA regions Twenty-five significant SNPs within 16 regions corresponding to 17 genes were detected in non-HLA regions. Of these genes, 13 have not been previously associated with SLE (previous association columns in Table 1 ). Two of the 17 genes are transcription factors (EHF and MED1), and two are involved in NF-kB signaling (RASSF2 and RNF114). Two genes are involved in antigen presentation (BIN1 and SEC61G), and one in cell adhesion/tissue remodeling (CNTN6). All of the significant genes that have mRNA expression information available are expressed in at least one relevant immune cell type (Supplementary Figure S2) .
The presence of multiple significant SNPs in a region can be due to LD or multiple independent signals. To distinguish between Table S3 ). However, after accounting for rs10488631 in TNPO3 (Figure 2b ) and rs4728142 in IRF5 (Figure 2c ), the next most significant SNP is rs1665105, whose P-value (3.29 Â 10 À 4 ) is greater than the IRF5/TNPO3 region multiple-family FDR (2.22 Â 10 À 4 ), 4 and furthermore, was not found to be significant in this study. This suggests that there are at least two causal variants in the IRF5 and TNPO3 region, and that IRF5 and TNPO3 are independently associated with SLE.
In the 15q14 region, the significant SNP in FAM98B, rs11073328, accounts for the original significance of the SNP in TYRO3, rs12259
À 2 in the multiple regression, respectively). This indicates that the association of TYRO3 is due to FAM98B; there is evidence for only one signal in the 15q14 region. The final two regions that have multiple SNPs are SEC61G and EHF (Supplementary Table S3 ); each of these regions has two significantly associated SNPs, and in both regions, the significantly associated SNPs are in complete LD with each other (data not shown). Thus, there is only evidence for a single signal in SEC61G and another single signal in EHF.
Imputation was performed on all 16 non-HLA regions comprising over 2.9 million SNPs. Eight-hundred and forty additional significant SNPs were found in these regions, 3 of these SNPs were non-synonymous (Supplementary Table S4 ). However, bioinformatic analyses of these non-synonymous SNPs using PolyPhen, 5 SIFT, 6 and PROVEAN 7 do not predict deleterious effects as a consequence of these mutations. Thus, it is unlikely that we have identified the causal mutations responsible for the association of these regions with SLE, and deep sequencing or other follow-up studies of these regions are required.
We have previously established that rs17849502 in NCF2 (1q25) is a causal mutation associated with SLE, which produces a twofold reduction in Fcg receptor-mediated Vav1 NADPH oxidase response. 8 In this region, there are multiple significant and suggestive (FDRp0.1) SNPs by genotyping and imputation in each of EDEM3, LAMC1 and NCF2 genes as shown in Figure 3 . Multiple regression analysis indicates that the signals in EDEM3 and LAMC1 are independent of each other (data not shown). To determine whether the significant association of EDEM3 and the suggestive association of LAMC1 was due to the presence of rs17849502 in NCF2, we examined the imputation results in this region. While rs17849502 was present in the imputation panels, it is rare, the ability of the imputation panels to accurately impute this SNP is greatly diminished, leading to its non-significance upon imputation (IMPUTE v2 reports an 'info' metric of 0.05 for this SNP; accurately imputed SNPs should have an 'info' metric close to 1 9 ). However, rs17849502 and rs12565776 are in strong LD (D 0 ¼ 0.96, Figure 3b ), so it remains possible that the significance of rs12565776 is due to rs1789502. 
HLA region
The HLA region has by far the largest number and most highly significant SNPs, reaching a minimum P-value of 7.76 Â 10 Table S1 ). The 6p21-22 region, which includes the classical HLA genes, contains many alleles, which are in LD with each other. Thus, many of the significant results seen could be due to a smaller number of primary signals. To determine the minimum number of signals capable of accounting for the significance seen in the 6p21-22 region, we performed a step-wise multiple regression analysis, accounting for the most significant SNP in the model at each step, and repeating until no additional terms had P-values less than the P-value corresponding to an FDR of 0.05 in this study. As shown in Figure 4 , the most significant SNP (from 405 significant SNPs out of 4,748 genotyped SNPs in this region) was rs558702 (P ¼ 7.76 Â 10 À 21 ) (Figure 4a ). After accounting for rs558702, the most significant unaccounted SNP is rs9275572 (P ¼ 1.94 Â 10 À 6 , Figure 4b ). Subsequently, after accounting for both of these SNPs, rs2764208 was the most significant SNP unaccounted for (P ¼ 3.61 Â 10 À 6 , Figure 4c ). Finally, rs10946940 was most significant SNP after accounting for all three of these SNPs (P ¼ 2.37 Â 10 À 4 , Figure 4d ). These four SNPs accounted for the vast majority of the significant SNPs seen in the 6p21-22 region, although 6 additional weak signals remained (Figure 4e ). Using lasso regularization 10 across all significant SNPs in this region, both rs558702 and rs9275572 were the components in the model with the largest coefficients, further indicating their importance (data not shown). Thus, two signals in the classical HLA are able to account for the vast majority of the significant associations seen in HLA, and two additional signals in ZNF184 and SNRPC explain most significance seen in the periphery of the HLA region (Table 2 and Figure 4 ). ZNF184 is a transcription factor with no known gene targets. The other signal is in SNRPC that is involved in the formation of the spliceosome, which is often a target of autoantibodies in SLE. 11 Thus, the majority of the association of classical HLA with SLE in this study can be explained by two primary signals.
To reconcile our SNP findings with the established HLA allele and serotype association with SLE, we imputed HLA alleles using HLA*IMP, [12] [13] [14] which assigned an HLA haplotype to each sample on the basis of genotyped SNPs in the HLA region. The alleles of HLA-A, B, C, DPB1, DQA1, DQB1 and DRB1 were imputed at fourdigit accuracy and HLA-DRB3, DRB4 and DRB5 were imputed at two-digit accuracy. Table 3 shows the alleles that were significantly associated with SLE. Notably, HLA-DQA1*05:01 and Novel SLE-associated genes DL Armstrong et al HLA-DQB1*02:01, which have previously been shown to be significantly associated with SLE and are part of the DR17/DQ2 extended haplotype, 15 were found to be highly associated in this study. We did not detect any significant associations with any of the alleles of HLA-A, C, DPB1, DRB4 or DRB5. Finally, multiple regression analysis with HLA-DQB1 and HLA-DRB1 indicated that HLA-DQB1 and HLA-DRB1 have an independent association with SLE, and the association of one is not merely due to linkage with the other (Supplementary Table S5 ). Furthermore, the association of HLA-B is largely explained by HLA-DRB1, but not HLA-DQB1 (Supplementary Table S5) . A regression analysis with the significant alleles of HLA-DQB1 and HLA-DRB1 with the two significant primary SNPs signals in classical HLA (rs558702 and rs9275572) indicates that HLA-DQB1 and HLA-DRB1 are strongly correlated with these SNPs. The SNPs outside of the HLA region Step-wise multiple regression of the HLA region. (a) shows all significant SNPs in the HLA region. Each subsequent panel (b-e) shows the same SNPs after accounting for most of the significant remaining SNPs in the model, with SNPs more significant than the genome-wide FDR threshold for this study shown in dark green circles ( ); those less significant than the threshold are shown as goldenrod Xs ( ). (b) Accounted for rs558702, (c) accounted for rs9275572 and rs558702 and (d) accounted for rs2764208, rs9275572 and rs558702. After accounting for rs10946940, rs2764208, rs9275572 and rs558702 (e), there were no SNPs meeting the genome-wide FDR threshold. Abbreviations: HLA, human leukocyte antigen; SLE, systemic lupus erythematosus; SNP, single-nucleotide polymorphism. P is the probability of obtaining the results given that the coefficient of the term is equal to 0.
Novel SLE-associated genes DL Armstrong et al (rs2764208 and rs10946940) were not accounted for by HLA-DQB1 or HLA-DRB1, indicating that their association is independent of the classical HLA signal. The HLA alleles were then used to assign each sample to an HLA serotype. Table 4 shows the antigens that were significantly associated with SLE. DQ7 (broad antigen DQ3) had a protective effect, whereas DR17 and B8 were associated with disease. We did not see any significant associations with the HLA Class I A or C antigens, nor did we see any significant associations with alleles of the extended DR/DQ haplotype.
DISCUSSION
In the present study, we report the discovery of novel non-HLA genes not previously associated with SLE and the confirmation of genes, which were reported as significant in previously published studies ( Table 1 ). The novel discoveries were made in part due to the increase in statistical power of the study through the use of a FDR multiple testing corrections instead of a family-wise error rate multiple testing corrections. SLE is largely a disease of aberrant immunoregulation affecting most types of immune cells. It is therefore expected that genes involved in regulation of various immune cells and their functions would be an important part of the genetic susceptibility architecture of SLE. Indeed, among the novel genes associated with SLE susceptibility found in the present study, two genes code for transcription factors (EHF and MED1), two are components of the NF-kB pathway (RASSF2 and RNF114), two are involved in antigen presentation (BIN1 and SEC61G), and one is involved in adhesion and endothelial migration (CNTN6).
Some of the proteins encoded by these susceptibility genes have been previously considered to be involved in the pathogenesis of the disease, but this is the first study to demonstrate that they are actually associated with genetic susceptibility to SLE.
The ETS family of transcription factors and especially ETS1 has been previously associated with SLE. 16 Here we identified EHF, another member of the ETS family as associated with SLE. EHF is particularly important in the differentiation of dendritic cells, an important antigen presenting cell and producer of cytokines, including type I interferons that are essential for disease pathogenesis. 17 Interestingly, the cytokine transforming growth factor A, specifically involved in dendritic cells differentiation, 17 is suggestively associated with SLE (P ¼ 2.62 Â 10 À 5 , FDR ¼ 1.60 Â 10 À 1 ). Furthermore, MAFB, a repressor of ETS-mediated transcription, is also suggestively associated with SLE (P ¼ 9.88 Â 10 À 6 , FDR ¼ 8.83 Â 10 À 2 ). The ETS pathway exemplifies the recurring motif of genes at multiple steps of a disease-relevant pathway being found to be associated with that disease.
The transcription factor MED1 is essential for the intrathymic development of iNKT cells, a subgroup of immune cells found at abnormal levels in SLE subjects. 18 Components of the NF-kB pathway, the master transcriptional regulator of inflammation, have been associated with increased SLE susceptibility (IRAK1, TNFAIP3, UBE2L3, PRKCB). 1 The present study adds two new genes involved in NF-kB signaling (RASSF2 and RNF114), highlighting the importance of this pathway for SLE genetic susceptibility and pathogenesis. RASSF2 downregulates NF-kB signaling via association with IKK. RNF114, an ubiquitin binding protein, regulates a positive feedback loop that enhances dsRNA-induced production of type I interferons through the activation of the IRF3 and NF-kB transcription factors, previously shown to be associated with the immune-mediated skin disease psoriasis. 19 Genetic variants related to adhesion and endothelial migration of the various immune cell types have been associated with SLE susceptibility (ITGAM, ICAM1, SELP). 1, 20 In the present study, we have identified an additional gene involved in cell adhesion and tissue remodeling (CNTN6).
Although the primary autoantigens driving SLE pathogenesis are quite elusive, it is clear that abnormal antigen processing and presentation play an important part. 1 In the current study, we identified two new susceptibility genes involved in antigen processing and presentation (BIN1 and SEC61G). These susceptibility genes accompany and supplement the MHC genes within the HLA region. Classical MHC class I and class II genes on the surface of antigen presenting cells are responsible for antigen presentation to the T-cell receptor on T lymphocytes. MHC loci were the first reported genetic association with SLE and remain the strongest. Understanding the genetic risk of this region is therefore critical to the understanding of the pathogenesis of the disease. However, the region is extremely gene dense with long range LD and hundreds of immunologically active genes, which makes identification of the true causal loci very difficult.
Following the approach of Raychaudhuri et al., 3 using conditional logistic regression, we showed that two signals inside of the classical HLA and two additional in the periphery can account for the vast majority of the significant SNPs in the entire HLA region. We confirm the findings of Morris et al., 21 by showing the involvement of HLA-DRB1*03:01 and the involvement of SNPs in addition to HLA alleles. We extend their findings by showing the association of SLE with serotypes, confirm the number of primary signals using lasso regularization and provide evidence for the requirement of HLA-DQB1*02:01 to explain association of HLA with SLE.
Our use of HLA imputation has also enabled us to deconvolute the large number of associated SNPs in the HLA region and reconcile these findings with decades old work showing the association of serotypes and HLA alleles with SLE.
The new SLE-associated genes and genetic regions discovered in this study expand our understanding of SLE and provide new putative targets for diagnostics and treatment of this important autoimmune disease. 24 In addition, 2057 female controls were obtained from the Illumina iControlDB resource (http://www.illumina.com/science/icontroldb.ilmn) giving 2537 total controls. Genotyping was performed using the Illumina Infinium HumanHap300 genotyping bead chip as previously described. 24 In order to avoid including samples with genetic background not representative of the overall study, a principle component analysis (PCA) was performed, which identified 109 non-representative samples, which were removed from further analysis.
To eliminate duplicate and cryptic relationships, a set of 500 SNPs with minor allele frequency X0.4 were selected. Ninety-eight sets of duplicates (three cases, two SLEGEN controls, 93 Illumina controls) that matched at 99.9% of the SNPs and 44 sets of related samples (16 cases, 3 SLEGEN controls and 25 Illumina controls) had all but one duplicate/ related removed. In order to address population structure that can be a source of confounders, 25, 26 we performed PCA on a subset of SNPs, which are informative for ancestry (ancestry informative markers). 27 In Supplementary Figure S1 , a PCA biplot of the samples collected for this study is shown. The vast majority of samples are present in a homogeneous grouping, with no clear delineations between case and control samples. A prominent exception to this are the samples in orange that are found in the lower left of a and lower right of b. These 109 samples (10 cases, 6 SLEGEN controls and 93 Illumina controls) are not representative of the ancestral background of the other samples, and therefore have been excluded from further analysis.
To control for any remaining population structure, the same first three PCA rotation axes were used as cofactors in the association analysis. After correcting for these three factors and eliminating the outlier samples, the remaining dispersion of cases and controls is even and symmetrical ( Supplementary Figures S1c and d) .
The significance of association was calculated using logistic regression with SLE status as the dependent variable and the additive dosage of the SNP and the three first PCA axes as independent variables with custom routines written in R. 28 P-values obtained were corrected for multiple testing by estimating the FDR using the Benjamini-Hochberg method. 29 SNPs with FDRp0.05 were considered to be significant.
As the vast majority of significant SNPs are located in the HLA region, calculating the FDR study-wide would result in an underestimation of the FDR in the non-HLA region. Thus, the FDR was calculated separately for the HLA regions and non-HLA regions. Because each of these regions contains significant results, there is no need for additional correction due to splitting into multiple families. 4 Imputation on regions containing significantly associated SNPs was performed using Impute (v2.3.0) 30 with the 1 k genomes 31 and Hapmap 32 panels, covering over 3.1 million SNPs. Significance of association of imputed SNPs was calculated in the same manner as for genotyped SNPs, with multiple testing corrections being applied within the region instead of study-wide. Multiple logistic regression analysis was performed by adding the most significant SNP in a region as covariates to the logistic regression model, and repeating the regression on the remaining SNPs in the region. This procedure was repeated until no SNPs had a multiple testing corrected FDR less than the per-family FDR cutoff of 2.68 Â 10 À 3 (q ¼ 0.05, m ¼ 298, R ¼ 16 as defined in 4 using the (BH À q, BH À Rq/m) procedure). Verification was performed by starting the regression procedure from random significant starting positions. Lasso regularization path regression was performed using glmnet. 10 HLA haplotype imputation was performed using HLA*IMP v2.0. 12 The best guess haplotype was used in logistic regression with three PCA axes as was done for genotyped values. HLA haplotypes were assigned to serotypes using the WMDA directory release 3.12.0 (http://hla.alleles.org/ wmda/index.html), and logistic regression with three PCA axes was performed on the resultant serotypes.
